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Abstract 

The  effect  of  strain-path  reversal  on  cavitation  behavior  during  the  hot  torsion 
testing  of  an  alpha/beta  titanium  alloy,  Ti-6A1-4V,  with  a  colony-alpha  microstructure 
was  established.  Optical  microscopy  was  used  to  measure  cavitation  parameters  such 
as  cavity  size,  density,  and  area  fraction.  It  was  observed  that  when  the  torsion 
direction  is  reversed,  the  cavitation  process  is  reversed  as  well;  i.e.,  cavity  shrinkage 
takes  place.  The  experimental  observations  were  interpreted  in  the  context  of 
previous  models  developed  for  the  densification  of  porous  bodies.  For  this  purpose, 
the  models  were  modified  to  treat  the  effect  of  colony  orientation  on  the  local  stress 
state  and  the  accommodation  of  the  externally-imposed  strain,  both  of  which  affect 
the  rate  of  densifieation/cavity  shrinkage.  A  modified  version  of  the  AFRL  PM- 
consolidation  model  was  shown  to  provide  reasonable  estimates  of  the  shrinkage 
kinetics.  An  alternate  description  of  cavity  shrinkage  during  reversed  torsion, 
analogous  to  prior  descriptions  of  cavity  growth,  was  also  developed.  It  was 
concluded  that  the  absolute  magnitude  of  the  cavity  shrinkage  rate  is  smaller  than  its 
counterpart  during  growth  because  the  local  stress  ratio  is  lower  during  reversed 
straining  compared  to  that  during  forward  straining. 
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I.  INTRODUCTION 


The  bulk  hot  working  of  engineering  alpha/beta  titanium  alloys  such  as  Ti- 
6A1-4V  is  commonly  used  to  convert  coarse  grain,  colony-alpha  ingot  microstructures 
into  fine,  equiaxed-alpha  billet  structures.  Despite  the  apparent  simplicity  of  the 
processes  employed  (e.g.  open-die  forging,  cogging,  upsetting),  relatively  complex 
states  of  stress  and  strain  are  typically  generated  within  the  workpiece;  the  complexity 
of  industrial  operations  is  also  increased  due  to  changes  in  strain  path.  Furthermore, 
processing  may  give  rise  to  undesirable  defects  in  finished  wrought  products.  These 
defects  include  gross  fracture,  shear  bands,  and  internal  cavities.  The  initiation  and 
growth  of  internal  cavities  is  particularly  important  because  such  deleterious  defects 
may  eventually  lead  to  gross  fracture  during  subsequent  manufacturing  steps  or  in 
service  [1-3]. 

A  considerable  amount  of  research  has  been  devoted  to  developing  an 
understanding  of  cavitation  behavior  for  a  wide  range  of  metals  and  alloys  [4-6]. 
Most  of  these  efforts  have  focused  on  the  determination  of  the  conditions  under  which 
cavitation  can  be  fully  suppressed  (or  at  least  minimized)  or  quantifying  cavity- 
growth  kinetics  as  a  function  of  a  stress  state  [7-9].  In  the  majority  of  early  research 
on  cavitation  kinetics,  the  stress  ratio  (i.e.,  the  ratio  of  hydrostatic-to-effective  stress) 
was  usually  equal  to  or  greater  than  that  corresponding  to  uniaxial  tension,  viz.,  1/3. 
By  contrast,  Bae  et  al.  [10]  and  Nicolaou  et  al.  [11]  have  recently  investigated 
cavitation  under  a  macroscopic  state  of  stress  consisting  of  simple  shear.  For 
example,  Nicolaou,  et  al.  used  hot  torsion  testing  to  establish  the  effect  of  shear 
deformation  on  the  cavitation  behavior  of  the  alpha/beta  titanium  alloy  Ti-6A1-4V 
with  a  colony-alpha  microstructure  over  a  wide  range  of  strains.  Local  texture  and 
thus  the  non-uniform  deformation  associated  with  adjacent  hard  and  soft  colony 
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orientations  were  taken  into  account  in  the  analysis.  The  results  were  compared  to 
other  findings  for  the  uniaxial-  and  notched-  tension  testing  of  Ti-6A1-4V  with  an 
identical  (colony-alpha)  microstructure  [7,  12]. 

The  present  work  is  a  continuation  of  earlier  efforts  on  cavitation  during 
monotonic  torsion  testing.  The  specific  objective  of  this  research  was  to  establish  and 
model  the  effect  of  strain-path  reversal  on  the  cavitation  behavior  of  the  Ti-6A1-4V 
alloy.  To  this  end,  hot  torsion  tests  comprising  forward  and  reversed  straining  were 
conducted.  The  cavitation  in  deformed  specimens  was  characterized  using  optical  and 
scanning-electron  microscopy.  The  experimental  measurements  were  interpreted  in 
the  context  of  several  different  modeling  approaches. 


II.  MATERIALS  AND  PROCEDURES 

Hot  torsion  tests  comprising  forward  and  reversed  straining  were  conducted  on 
Ti-6A1-4V  to  establish  cavitation  behavior  for  a  prototypical,  non-monotonic  strain 
path.  The  Ti-6A1-4V  alloy  used  in  this  work  was  the  same  as  in  previous  monotonic 
torsion  tests  [11],  and  hence  will  be  described  only  briefly.  As  before,  the  material 
was  beta  annealed  to  produce  relatively  fine  beta  grains  with  a  mixed  colony, 
basketweave  microstructure.  The  beta  grain  size  (and  comparable  colony  size)  was 
-100  pm;  the  heat  treatment  also  produced  a  grain-boundary  alpha  layer 
approximately  3  pm  thick.  The  material  had  a  weak  texture;  the  principal  texture 
components  comprised  one  with  the  c-axis  parallel  to  the  bar  axis  having  an  intensity 
of -2.2  x  random  and  another  characterized  by  the  c-axis  tilted  -60°  from  the  bar  axis 
with  approximately  1.5  x  random  intensity. 

The  torsion  specimen  geometry  was  the  same  as  in  the  monotonic  tests  [11]. 
All  tests  were  conducted  under  isothermal  conditions  at  a  temperature  of  815°C  using 
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a  constant  forward/reverse  twist  rate  of  4.87s,  which  corresponded  to  a  surface  von 
Mises  effective  strain  rate  of  0.04  s'1.  Following  a  10-minute  soak  at  temperature, 
each  test  specimen  was  deformed  in  the  forward  mode  to  a  twist  angle  between  90° 
and  250°  in  order  to  impose  different  amounts  of  strain.  The  twisting  direction  was 
then  reversed  quickly  (the  “dwell”  time  for  the  change  of  twisting  direction  was  ~l-2 
seconds),  and  torsion  to  a  reverse  twist  angle  between  30°  and  250°  degrees  was 
imposed  followed  by  water  quenching  of  the  sample. 

The  torque-twist  data  were  converted  to  effective  stress-effective  strain  using 
standard  equations  [11]. 

After  testing,  axial-tangential  cross  sections  near  the  outer  surface  of  the 
specimen  containing  the  z-0  plane  were  prepared  for  metallographic  examination.  The 
cavity  size  and  shape  were  measured  on  as-polished  specimens  using  optical 
micrographs  taken  at  a  magnification  of  200X  and  the  image-analysis  software 
Image J  Version  1.32.  Specifically,  scanned  micrographs  were  transformed  into  pure 
black  and  white  pictures,  from  which  the  cavities  could  be  clearly  distinguished  from 
the  fully  dense  matrix.  The  Image  software  was  then  used  to  determine  the  area  of 
each  individual  cavity.  Higher-magnification  backscattered-electron  images  were  also 
taken  in  a  Leicascan™  360FE  scanning-electron  microscope  in  order  to  obtain  a  more 
detailed  picture  of  the  microstructure. 

III.  MODELING  PROCEDURES 

The  local  stresses  and  strains  developed  in  regions  containing  hard  and  soft 
colonies  were  estimated  and  used  in  models  of  pore  closure  in  order  to  interpret  cavity 
shrinkage  during  reversed-torsion  testing. 
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A.  Local  Stress  State 

A  representative  volume  element  (comprising  a  hard  colony,  a  soft  colony, 
and  a  hard  colony),  similar  to  the  one  used  earlier  for  the  analysis  of  cavitation  during 
uniaxial  tension  testing  [12],  was  utilized  in  the  present  work  in  order  to  determine  the 
magnitude  of  the  stresses  and  strains  developed  locally  as  a  result  of  the  different 
deformations  that  adjacent  hard  and  soft  colonies  undergo.  As  in  the  case  of  uniaxial 
tension,  the  soft  colonies  were  of  prime  interest  because  they  accumulate  most  of  the 
externally  imposed  strain  and  hence  are  the  ones  that  govern  the  cavitation  behavior 
of  the  material. 

In  contrast  to  uniaxial  tension,  in  which  the  axis  of  the  representative  volume 
element  (RVE)  was  assumed  to  coincide  with  the  loading  direction  of  the  specimen 
[12],  the  angle  X  between  the  RVE  axis  and  the  torsion/sample  axis  was  allowed  to 
vary  (Figure  1).  Because  of  the  simple-shear  nature  of  the  externally  applied  stress 
(Figure  1),  the  macroscopic  normal  stresses  ( crzmac  and  cremac)  in  the  torsion-sample 
axis  system  (r-z-0)  are  zero,  while  the  shear  stress  Tzdmac  has  a  finite  value  equal  to 

,  in  which  amac  is  the  flow  stress  of  the  RVE.  For  a  non-zero  value  of  the  angle 

X  (Figure  1),  the  transformation  of  the  stress  tensor  from  the  z-0  axes  to  the  z’-0’  axes 
gives  rise  to  the  following  equations  for  the  macroscopic  stresses: 


—mac 


mac  r\  &  •  <i  o 

cr =  -2  — 7=-  sin  A  cos  A , 

*  s 

(la) 

—mac 

mac  •  *  * 

a  .  =  2 — 7=-  sin/l  cos/t 

V3 

(lb) 

—mac 

mac  &  (  2-1  •  2  i  | 

tz,0,  = — j=-  (cos  A  -sin  A) 

V3 

(lc) 

V3 
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Note  that  for  A=0,  the  stresses  from  Equation  (1)  reduce  to  those  in  the  z-9  coordinate 
system,  i.e., 


-=mac 

v  _ mac  _ mac 


mac  _ mac 


V3 


,crz,  -<JZ  =  o ,  and  -<y6  =0, 


while  for  A  =  45°, 


_ mac 


mac 

and  Tz,e, 


=  0. 


The  local  stress  state  within  the  soft  and  the  hard  colonies  was  determined 
using  the  equilibrium  equations  and  yield  functions  for  the  two  types  of  colonies.  The 
overall  analysis  was  conducted  in  a  manner  similar  to  that  described  in  Reference  13, 
describing  cavitation  behaviour  under  complex  stress  states  as  in  open-die  forging. 

1 .  Equilibrium  Equations 

For  the  macroscopic  state  of  simple  shear  imposed  during  torsion,  it  was 


assumed  that  <Jrmac  =  &r\  -  ~  0.  Furthermore,  ^z'r's  ~  Te'r\  =  ^ zYh  =  ^6Yh  ~ 

0,  in  which  the  subscripts  z’,  0’  and  r’  refer  to  the  specific  stress  component  in  the 
rotated  coordinate  system. 

x 

mac  mac 

In  deriving  the  equilibrium  equations,  the  stresses  (je<  and  ^  were  each 


assumed  to  be  a  rules-of-mixture  average  of  the  corresponding  stress  components  in 
the  hard  and  soft  colonies,  i.e., 


—.mac 


+  (W/,  K- 


(2) 


Tz'6'  ~  fhTz'd\  fhftz'9' 


(3) 


in  which  fj,  represents  the  volume  fraction  of  the  hard  colonies,  and  the  subscripts  h 
and  s  refer  respectively  to  the  hard  or  soft  colonies.  Furthermore,  it  was  assumed  that 
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mac 


<J.  =  £Tr, 

2h  2 


<7,  =<T, 

Z  r  Z 


(4a) 

(4b) 


2.  Yield  Functions 

The  yield  functions  for  the  hard  and  soft  colonies  in  the  rotated  coordinate 
system  may  be  written  as: 


■  o* = K',  -  y + k. )* + k. )" + r  (5) 

^  {k,  -  f  +  k',  f  +  k.  y  +  6tX:  (”  (6) 

as ,  <j  denote  the  flow  stress  of  the  soft  and  hard  colonies,  respectively. 

The  flow  stresses  of  the  soft  and  hard  colonies,  as  and  <r^ ,  are  related  to  the 
overall  RVE  flow  stress  by  applying  the  self-consistent  hypothesis  [14],  i.e., 

(7) 

The  above  equation  can  be  rewritten  as: 

Gmac = fhkh  (4  )m  (sh  f  +  (i  -  fh  )ks  (4  Y  fc  T  (8) 

in  which  kh,  ks  are  the  strength  coefficients  of  the  hard/soft  colonies,  which  are 
assumed  to  depend  only  on  the  Taylor  factors  Mh  and  Ms\  e  ,  e  denote  the  effective 
strain  and  strain  rate,  respectively;  and  m  and  n  are  the  strain  rate  sensitivity  index  and 
the  strain  exponent. 

3.  Solution  of  the  System  of  Equations 

Using  the  self-consistent  model  [14]  and  Equations  (7)  and  (8),  the  values  of 
the  flow  stresses  in  the  hard  (ah)  and  soft  ( <r5 )  colonies  can  be  determined  for 

specific  values  of  fh  as  well  as  kh  and  ks,  which  depend  only  on  the  Taylor  factors. 
The  macroscopic  flow  stress  is  an  experimental  measurement. 
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Using  Equations  (1)  and  the  measured  value  of  crmac ,  the  stresses 
o™ac ,  a™ac ,  and  xz,flmac are  calculated  for  a  given  angle  A.  From  Equations  (2),  (3), 


(4a),  (4b),  (5),  and  (6),  the  six  unknowns  <7z-h ,  <Tg-h ,  Orz.j_,  <7 ffs ,  t2,ffh ,  are  then 
determined. 


B.  Cavity-Closure  Models 

As  will  be  described  in  Section  IV,  the  cavity  fraction  decreased  during 
reversed  straining  in  torsion.  To  describe  the  rate  of  cavity  shrinkage,  therefore,  two 
previously-developed  models  for  pore  closure  during  powder  consolidation  were 
employed.  The  first  approach  was  developed  by  Dutton,  et  al.  [15]  and  the  second  by 
Liu,  et  al.  [16].  The  basic  features  of  each  model  are  summarized  in  this  section. 

1 .  Dutton,  et  al.  (AFRL)  Model 

This  model  was  developed  at  the  Air  Force  Research  Laboratory  (AFRL)  by 
Dutton,  et  al.  [15]  and  applied  later  by  DeLo  et  al.  [17],  It  is  a  hybrid  continuum- 
micromechanical  model.  That  is  to  say,  it  combines  (1)  continuum  aspects  relating 
macroscopic  strain  rates  and  macroscopic  (deviatoric  and  hydrostatic)  stresses  and  (2) 
micromechanical  aspects  such  as  the  effect  of  pore  geometry  and  deformation 
mechanism  on  densification.  The  model  enables  the  detailed  description  of  an 
arbitrary  mode  of  deformation  based  on  measurements  from  relatively  simple, 
calibration  modes  of  deformation  such  as  uniaxial  compression  [17]. 

The  AFRL  model  deals  with  a  rate-sensitive,  plastically  deforming  material. 
The  macroscopic  strain  rates  of  the  porous  body  are  calculated  from  the  following 
expression: 


( K{D)<j>2s  A 


[0  +  v'K+(|-2vK^,] 


(9) 
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in  which  e„  denotes  the  macroscopic  strain  rate,  cri(  is  the  deviatoric  stress,  am  the 

mean  stress,  a  is  the  effective  stress,  v  is  the  Poisson's  ratio  of  the  porous  body;  and 
<j>  is  the  stress  intensification  factor.  The  term  K(D)  is  associated  with  the  relative 
density  D;  it  is  commonly  assumed  to  be  equal  to  D. 

The  flow  behavior  of  the  fully  dense  compact,  is  assumed  to  be: 


a=Bsm  ,  (10) 

in  which  m  is  the  strain  rate  sensitivity  index  and  B  the  temperature-dependent 
strength  factor. 

There  have  been  a  number  of  efforts  to  correlate  the  stress  intensification 
factor  (j>  to  the  relative  density  of  a  porous  body  [18,  19].  In  the  present  work,  the 
simple  relationship  derived  by  Coble  [20]  (i.e.,  <(>=  1/D)  was  used.  This  is  because  the 
densities  in  the  current  work  were  well  above  95%,  and  the  Coble  relationship 
describes  experimental  observations  very  well  at  such  levels  of  porosity. 

From  Equation  (9),  the  strain-rate  components  can  be  determined  for  any  state 
of  stress.  The  densification  rate  D  is  then  obtained  as  the  sum  of  the  principal  strain- 
rate  components,  i.e., 

D  —  —  (sn  +  e22  +  £33 )  (1 1) 


2.  Liu,  et  al.  Model 

The  second  model  used  in  the  interpretation  of  the  experimental  results  was 
originally  developed  by  Liu,  Wadley,  and  Duva  [16].  In  this  formulation,  the  strain 
rates  developed  in  a  porous  body  subjected  to  a  multiaxial  state  of  stress  is  described 
by  the  relation: 


e^AS 


N- 1 


(3a  •  b 
—  <7 ,,  +  —  cr  0 , 
l  2  3  m  1  j 


(12) 
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in  which  N  is  the  stress  exponent  (=  1/m),  A  is  a  temperature-dependent  constant 
(defined  from  the  constitutive  behavior  of  the  fully  dense  compact,  A  =  eI<7n  ),  and 
the  term  S  is  defined  as: 

S2  =  aa2+ba2m  (13) 


The  parameters  a  and  b  are  related  to  the  relative  density.  According  to  Duva  and 
Crow  [21],  they  are  given  by  the  following  equations: 


1  +  f  (1  ~D) 

jj2N/(N+l) 


and 


n(i-d) 

2/n+l 

m 

L(i-(i-nrTJ 

U  N) 

(14) 


As  for  the  AFRL  model,  the  cavity-shrinkage  rate  from  the  Liu,  et  al.  model 
was  obtained  as  the  sum  of  the  principal  strain-rate  components  (Equation  (11)) 
determined  from  Equation  (12). 


IV.  RESULTS  AND  DISCUSSION 

The  principal  results  of  this  work  included  measurements  of  the  flow  behavior 
and  cavitation  during  reversed  torsion,  model  predictions  of  cavity  shrinkage,  and 
interpretation  of  cavity  growth  during  forward  straining  versus  cavity  shrinkage 
during  reversed  straining. 

A.  Flow  Behavior 

Sample  effective  stress-effective  strain  curves  for  four  different  torsion  tests 
are  presented  in  Figure  2.  For  these  tests,  the  deformation  path  comprised  a  forward 
strain  of  0.99  or  1.78  followed  by  a  reverse  strain  between  0.50  and  1.78.  During  the 
forward  deformation,  the  peak  stress  was  achieved  at  a  strain  of  -0.06.  This  peak  was 
followed  by  extensive  flow  softening;  the  softening  exponent*  n  was  found  to  be 
approximately  -0.20,  which  is  consistent  with  previous  measurements  in  compression 


*  The  strain  exponent  is  defined  by  the  following  equation:  cr  =  Ks  "  . 
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of  a  similar  material  [22],  as  well  as  those  from  monotonic  torsion  tests  [11].  After 
reversing  the  strain  path,  strain  hardening  occurred  until  a  peak  stress  was  achieved  at 
a  strain  increment  of  -0.20  from  the  beginning  of  the  reversed  loading.  However,  in 
contrast  to  the  behavior  during  the  initial  (forward)  loading,  subsequent  flow 
softening  was  absent;  i.e.,  the  exponent  n  was  less  than  0.02.  The  observed  flow 
behavior  (Figure  2)  resembles  that  found  by  Poths,  et  al.  [23,  24]  during  torsion 
testing  of  a  similar  material  but  at  a  somewhat  different  strain  rate.  The  explanation 
for  the  reloading  transients  in  reversed  torsion  tests  may  lie  in  the  nature  of  the 
microscopic  slip  process.  Specifically,  the  initial  flow  softening  (at  low  strains)  is  due 
to  slip  transfer  across  the  alpha-beta  interfaces.  When  the  deformation  is  reversed, 
there  may  be  a  large  number  of  mobile  dislocations  which  can  move  easily  in  the 
reverse  direction.  Because  the  original  alpha-beta  interfaces  have  now  been  broached, 
it  may  be  easier  to  form  subgrain-like  substructures  in  both  the  alpha  and  beta  phases, 
thus  leading  to  near  steady-state  flow. 

B.  Metallographic  Observations 

Optical  micrographs  illustrating  cavitation  observations  are  shown  in  Figure  3. 
The  micrographs  were  taken  at  the  surface  of  specimens  twisted  to  a  forward  effective 
strain  of  0.99  (twist  angle  of  125°)  and  reverse  strains  of  0,  0.25,  0.50,  or  1.98.  The 
micrographs  show  that  the  cavity  area  fraction  developed  during  forward  straining 
was  small,  and  it  decreased  with  increasing  reversed  deformation.  On  the  other  hand, 
there  were  no  noticeable  differences  with  regard  to  the  cavity  shape,  which  is  mainly 
elliptical,  similar  to  what  was  found  previously  in  monotonic  torsion  tests  [11]. 

The  fraction  of  cavities  within  a  specific  size  range  for  three  different  testing 
conditions  (i.e.,  a  forward  strain  of  0.99  and  reverse  strains  of  0,  0.50,  or  0.99)  is 
shown  in  Figure  4.  These  results  revealed  that  the  fraction  of  the  larger  cavities 
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decreased  as  the  reverse  strain  increased,  implying  that  cavity  shrinkage  occurred 
during  reverse  torsion, 

A  range  of  angles  X  between  the  z-axis  of  the  specimen  and  the  axis  of  the 
RVE  was  noted  in  micrographs  of  polished  and  etched  specimens  (e.g.,  Figure  5  for  a 
specimen  for  which  e  forward  =0.99  and  f  reverse  =  1.98).  The  dashed  lines,  which 
outline  hard  colonies  (established  via  EBSD  [11]),  aid  in  the  visualization  of  the 
angles  in  Figure  5. 

C.  Cavity  Density 

Metallographic  observations  for  different  test  conditions  (Figure  6)  revealed 
that  the  cavity  density  (i.e.,  number  of  cavities  per  mm2)  did  not  show  any  essential 
variation  with  increasing  strain.  In  addition,  the  results  indicated  that  the  number 
density  of  cavities  was  smaller  by  a  factor  of  ~2-3  times  compared  to  the  cavity 
densities  developed  in  the  same  material  during  uniaxial  tension  [12].  Two  factors 
may  explain  this  trend.  First,  the  cavity  nucleation  rate  is  probably  lower  is  torsion 
inasmuch  as  the  maximum  principal  (normal)  stress  in  simple  shear  is  lower 
compared  to  that  during  uniaxial  tension.  Second,  the  cavity  -growth  rate  is  smaller  in 
shear  than  in  uniaxial  tension.  Thus,  there  is  likely  a  large  number  of  small  cavities 
which  cannot  be  distinguished  at  the  magnification  (200X)  at  which  cavitation  was 
examined.  These  small  cavities,  however,  can  be  imaged  in  high-magnification  SEM 
micrographs  (e.g..  Figure  7). 

D.  Stress  Ratios 

Calculations  of  the  ratio  of  the  mean  am  to  effective  stress  <x  (i.e.,  the  stress 
ratio)  in  the  soft  colony  as  a  function  of  the  angle  X  are  shown  in  Figure  8.  The  stress 
ratio  was  calculated  for  two  different  ratios  of  the  Taylor  factors  of  the  hard  and  the 
soft  colonies  (i.e.,  Mh/Ms  =  2  or  3).  Although  the  reverse  stage  of  straining  is  of 
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prime  interest,  the  variation  of  the  stress  ratio  during  the  first  (forward)  stage  is  also 
shown  in  Figure  8  for  comparison.  During  the  forward  strain,  aja  is  positive. 
When  the  loading  direction  is  reversed  the  stress  ratio  becomes  negative  because  the 
sign  of  the  principal  stresses  is  reversed.  Therefore,  cavity  shrinkage  instead  of 
growth  is  promoted.  Because  the  overall  macroscopic  stress  state  is  simple  shear,  the 
stress  ratio  is  zero  for  X  =  0°.  As  X  increases  toward  45°,  aja  also  increases, 
reaching  its  maximum  value  at  X  =  45°. 

From  the  self-consistent  model,  the  flow  stress  of  the  soft  colonies  was 
estimated  to  be  113  MPa  and  94.5  MPa  for  Mh/Ms  equal  to  2  or  3,  respectively.  The 
ratio  of  the  normal  stress  (crz  or  a9)  to  the  effective  stress  developed  in  the  soft 

colonies  during  the  reverse  stage  of  torsion  as  a  function  of  X  and  Mh/Ms  =  2  or  3  is 
shown  in  Figure  9.  The  results  indicate  that  the  magnitude  of  the  normal  stresses 
increases  as  X  increases  and  that  the  ratios  are  higher  when  Mh/Ms  increases. 

E.  Model  Predictions  of  Cavity  Shrinkage 

Predictions  of  the  AFRL  and  the  Liu,  et  al.  pore-closure  models  are  presented 

in  Figure  10  in  terms  of  the  cavity  fraction  as  a  function  of  effective  strain  e  for  a 

ratio  of  the  Taylor  factors  (of  the  hard  and  soft  phases)  equal  to  2,  an  initial  cavity 

fraction  of  2.1  pet.,  and  values  of  X  of  15°,  25°,  and  45°.  Because  of  the  non- 

softening  flow  behavior  during  reversed  torsion,  the  constitutive  behavior  was  taken 

to  be  <f  =  230  s0AS,  or  s  =  1.8jc10-16  er667  .  A  comparison  of  the  different  model 

results  reveals  that  the  Liu,  et  al.  approach  predicts  higher  densification  rates 
compared  to  the  AFRL  model.  Furthermore,  the  results  mirror  the  dependence  of  the 
stress  ratio  on  X  (Figures  8  and  9)  inasmuch  as  the  predicted  densification  rate  is  small 
when  X  is  small,  but  increases  significantly  when  X  approaches  45°. 
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F.  Comparison  of  Model  Predictions  with  Experimental  Results 

Measurements  of  the  cavity  area  fraction  in  the  z-0  plane  as  a  function  of  the 

effective  strain  during  the  reverse  stage  of  deformation  were  compared  to  model 
predictions  based  on  the  AFRL  and  the  Liu,  et  al.  approaches  (Figure  11).  The 
individual  data  points  correspond  to  experimental  measurements  for  initial  (forward) 
strains  of  either  0.99  or  1.78  (i.e.,  twist  angles  of  125°  and  225°,  respectively).  The 
results  for  an  effective  (reverse)  strain  of  zero  are  those  from  the  monotonic  tests. 
Overall,  the  measured  evolution  of  the  cavity  fraction  follows  a  trend  commonly 
observed  during  the  latter  stages  of  the  consolidation  process  of  porous  bodies,  i.e., 
there  is  a  continuous  reduction  in  the  densification  rate  with  increasing  strain/density. 

In  Figure  11,  there  are  two  lines  for  each  model  and  initial  (forward)  strain, 
one  for  an  assumed  ratio  of  the  Taylor  factors  of  the  hard  and  soft  colonies  (Mh/Ms) 
equal  to  2  and  one  for  Mh/Ms  equal  to  3.  Each  line  is  an  average  of  the  simulation 
results  for  different  angles  X  from  0  to  45°  in  steps  of  5°.  The  AFRL  model  shows 
better  overall  agreement  with  the  experimental  results  compared  to  the  Liu,  et  al. 
model,  which  tends  to  overestimate  the  rate  of  cavity  closure,  particularly  for  the 
results  corresponding  to  the  larger  forward  strain  (Figure  1  lb). 

It  should  be  emphasized  that  the  model  results  in  Figure  1 1  assume  no  rotation 
of  the  microstructure  during  torsion.  In  reality,  microstructure  rotation  does  occur, 
and  the  initial  angle  X  between  the  z-axis  of  the  specimen  and  the  axis  of  the  RVE 
changes  as  well.  The  magnitude  of  such  change  depends  on  the  imposed  strain  (i.e., 
the  amount  of  twist),  and  the  resistance  imposed  from  the  soft  and  the  hard  colonies. 
If  such  resistance  is  ignored  and  the  material  is  treated  as  a  continuum,  the  change  of 
angle  X,  AX,  is  given  by  the  following  equation: 

AX  =  arctan  y,  (15) 
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in  which  y  denotes  the  shear  strain. 

The  assumption  of  either  zero  rotation  or  free  rotation  of  the  microstructure 
represents  the  two  bounds  for  the  present  problem.  Figure  12  summarizes  the 
predicted  rates  of  densification  using  the  AFRL  model  for  the  two  bounds.  As  in 
Figure  10,  these  curves  represent  the  average  for  an  initial  range  of  X  between  0°  and 
45°.  The  results  reveal  that  a  faster  densification  rate  is  predicted  when 
microstructure  rotation  is  taken  into  account.  Furthermore,  for  the  lower  initial 
cavitation  level  (Figure  12a)  it  is  observed  that  the  experimental  results  are  bounded 
by  the  two  extreme  cases.  On  the  other  hand,  for  the  higher  initial  cavitation  level 
(Figure  12b),  the  experimental  results  are  located  in  the  vicinity  of  the  no-rotation 
predictions. 

G.  Engineering  Approach  to  Cavity  Shrinkage 

A  phenomenological  approach  was  also  developed  to  quantify  the  kinetics  of 

cavity  shrinkage  during  reversed  torsion.  This  approach  was  based  on  the  previous 
large  body  of  research  dealing  with  cavity  growth  under  different  deformation 
conditions.  These  former  efforts  established  the  magnitude  of  the  so-called  called 
cavity  growth-rate  parameter  q  in  the  following  relation: 

C=C0  exp(q  s )  ,  (16) 

in  which  C  and  C0  denote  the  cavity  volume  or  area  fraction  at  an  effective  strain  e 
and  the  initial  cavity  volume  fraction,  respectively. 

In  the  present  work,  the  reverse  deformation  during  which  cavity  shrinkage 
occurs  was  of  major  interest.  For  cavity  shrinkage,  the  value  of  q  in  Equation  (16)  is 
negative.  Furthermore,  the  factor  C0  in  this  equation  is  replaced  by  Cfonvard,  the  cavity 
fraction  at  the  end  of  the  forward  torsion  stage,  i.e.,  a  value  determined  from 
monotonic  tests  [11].  A  semi-logarithmic  plot  of  C/Cf0rward  as  a  function  of  effective 
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strain  (Figure  13)  was  prepared  to  determine  the  value  of  r|  during  reverse  torsion. 
The  slope  of  the  resulting  straight  line  (=  dln(C/Cf0rward)  /ds)  was  -0.52;  i.e.,  r|  =  -0.52. 
In  absolute  terms,  this  value  of  r]  is  lower  than  the  one  found  in  the  monotonic 
(forward)  torsion  tests,  viz.,  r|  »  0.75  for  the  z-0  plane. 

The  two  values  of  r|  were  interpreted  in  the  context  of  the  deformation  that 
occurs  in  forward  versus  reverse  torsion.  When  the  strain  path  is  reversed,  the  stress 
ratio  in  the  soft  colony  of  the  RVE  changes  sign  from  positive  to  negative  (Figure  8). 
At  this  point,  cavity  growth  ceases  and  cavity  shrinkage  commences.  However,  the 
rate  of  cavity  shrinkage  is  not  as  fast  as  the  previous  rate  of  growth  because  the 
absolute  value  of  the  stress  ratio  is  higher  during  growth.  This  difference  in  the 
magnitude  of  the  stress  ratios  arises  from  the  fact  that  during  the  forward  motion  the 
material  undergoes  extensive  flow  softening,  while  its  flow  stress  is  essentially 
independent  of  strain  during  the  second  stage.  Specifically,  during  the  reverse  torsion 
stage,  in  which  the  flow  softening  rate  is  zero,  the  flow  stress  of  the  hard  and  the  soft 
colonies  remain  constant.  On  the  contrary,  during  the  forward  stage,  the  material 
undergoes  extensive  flow  softening,  which  leads  to  a  decrease  in  the  flow  stress  of 
both  the  hard  and  the  soft  colonies.  However,  the  flow  stress  of  the  soft  phase  drops  at 
a  faster  rate  because  it  accumulates  a  larger  portion  of  the  externally  imposed  strain. 
Thus,  the  difference  in  the  flow  stress  between  hard  and  soft  colonies  is  larger  in  the 
forward  stage  of  deformation.  Because  the  secondary  stresses  and  therefore  the  stress 
ratio  in  the  soft  colonies  increase  as  this  difference  in  the  flow  stress  increases,  the 
stress  ratio  is  lower  in  the  reverse  stage.  As  a  result,  the  absolute  value  of  r|  is  lower 
during  the  reverse  deformation  regime. 
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V.  SUMMARY  AND  CONCLUSIONS 


The  alpha/beta  titanium  alloy  Ti-6A1-4V  with  a  colony  microstructure  was 
deformed  in  reversed  torsion  at  a  temperature  of  815°C  and  surface  effective  strain 
rate  of  0.04  s'1  in  order  to  establish  the  effect  of  a  strain-path  change  on  deformation 
and  cavitation  behavior.  Effective  stress  -  effective  strain  curves  revealed  extensive 
flow  softening  during  the  forward  deformation  but  minimal  softening  after  the 
reversal  of  the  torsion  direction.  Optical  microscopy  was  used  to  establish  damage 
characteristics  in  terms  of  the  size,  density,  and  area  fraction  of  cavities  developed 
during  both  forward  and  reversed  torsion.  In  order  to  interpret  these  results,  a  model 
describing  the  effect  of  the  orientation  of  adjacent  soft  and  hard  colonies  on  local 
stresses  and  strains  and  hence  cavitation  behavior  was  developed.  It  was  found  that 
cavities  developed  during  forward  straining  shrink  when  a  reverse  strain  is  applied. 
This  finding  is  consistent  with  the  sign  of  the  stress  ratio,  which  changes  from 
positive  during  the  forward  strain  to  negative  upon  reversal.  The  experimental 
observations  were  compared  to  two  prior  models  which  describe  the  densification  of 
porous  bodies.  The  comparison  of  the  measurements  to  the  model  predictions 
revealed  that  the  AFRL  model  provides  better  agreement  with  the  experimental 
findings.  In  addition,  the  specific  rate  at  which  cavities  shrink  during  the  reverse  stage 
of  the  torsion  testing  was  determined  from  plots  of  the  cavity  area  fraction  as  a 
function  of  effective  strain.  It  was  concluded  that  the  absolute  magnitude  of  the 
cavity-shrinkage  rate  is  smaller  than  its  counterpart  during  growth  because  the  local 
stress  ratio  is  lower  during  reversed  straining. 
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Figure  Captions 

Figure  1.  Representative  volume  element  (comprising  hard-soft-hard  colonies)  lying 
at  an  angle  X  relative  to  the  axial  direction  (z)  of  the  specimen. 

Figure  2.  Effective  stress-strain  curves  for  Ti-6A1-4V  deformed  in  torsion  at  815°C 
and  a  surface  effective  strain  rate  of  0.04  s'1.  The  forward  and  reverse 
effective  strains  are  indicated  on  each  curve. 

Figure  3.  Optical  micrographs  from  as-polished  specimens  which  were  tested  in 
reversed  torsion.  For  all  micrographs,  the  forward  (surface)  effective  strain 
was  0.99,  while  the  reverse  (surface)  effective  strain  was  (a)  0,  (b)  0.25,  (c) 
0.50,  or  (d)  1.98. 

Figure  4.  Fraction  of  cavities  within  a  specific  size  range  for  three  different 
deformation  conditions.  In  all  cases,  the  forward  (surface)  effective  strain 
was  0.99. 

Figure  5.  Optical  micrograph  showing  the  angle  X  between  the  z-axis  of  the  specimen 
and  the  axis  of  an  RVE  for  a  torsion  test  for  which  s  forward  =  0-99  and 
£  reverse  —  1  -98 

Figure  6.  Cavity  density  as  a  function  of  (surface)  effective  strain  during  reversed 
torsion  for  two  different  levels  of  applied  forward  strain. 

Figure  7.  Backscattered-electron  SEM  micrograph  showing  the  presence  of  small 
cavities  for  a  torsion  test  for  which  e  forward =  0.99,  and  s  reVerse  =  0.50. 

Figure  8.  Variation  of  the  stress  ratio  crm/cr  with  the  angle  X  during  the  forward  and 
reversed  stages  of  torsion  testing. 

Figure  9.  Dependence  of  the  ratio  of  the  normal-to-effective  stress  with  X  during  the 
reversed  stage  of  torsion  testing.  The  flow  stress  of  the  soft  colonies  was 
estimated  to  be  1 13  MPa  and  94.5  MPa  for  Mt/Ms  of  2  or  3,  respectively. 
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Figure  10.  Cavity-closure  predictions  as  a  function  of  the  reverse  effective  strain  and 
the  angle  X  based  on  either  the  AFRL  model  or  the  Liu,  et  al  model. 

Figure  1 1 .  Comparison  of  model  predictions  and  experimental  measurements  of  the 
variation  of  cavity  fraction  with  (reverse)  effective  strain  for  two  different 
levels  of  initial  cavity  fraction:  (a)  1%  and  (b)  2.1%.  The  predictions  of  the 
AFRL  and  the  Liu,  et  al.  models  are  plotted  for  two  different  ratios  of  the 
Taylor  factor  between  the  hard  and  the  soft  phase,  Mh/Ms.  The  model 
predictions  represent  an  average  for  X  between  0  and  45°. 

Figure  12.  Effect  of  microstructure  rotation  on  the  predictions  of  the  AFRL  model,  for 
two  different  ratios  of  the  Taylor  factor  between  the  hard  and  the  soft  phase, 
Mh/Ms  and  for  two  different  levels  of  initial  cavity  fraction:  (a)  1%  and  (b) 
2.1%.  The  model  predictions  represent  an  average  for  A.  between  0  and  45°. 
The  experimental  measurements  are  also  shown  in  the  graph. 

Figure  13.  Semi-logarithmic  plot  of  the  ratio  of  the  cavity  fraction  at  a  reverse  strain 
e  to  the  cavity  fraction  at  the  beginning  of  strain  path  reversal  as  a  function 
of  the  reverse  strain. 
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FIGURE  3 


oo  vo  rr  © 

•  »  •  1  • 

©  ©  ©  ©  © 

UOIJDKJtf  AJIAB3 


25 


TsTsifaS  *  M 


I  »f«  n 
B&S&asar  „  \  ..A.;:  << 


AlgigC  2 

aSfcBgag®^®^^^"  vv%r  x .-*«2 Jr^- .*• ^ ^r>-  .v,^-  - 


26 


FIGURE  5 
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FIGURE  13 


